A detailed study has been made of the physical properties of core samples from Deep Sea Drilling Project Hole 395A. The properties include: density, porosity, compressional and shear wave velocity, thermal conductivity, thermal diffusivity, and electrical resistivity. Of particular importance are the relations among the parameters. Most of the variations in the basalt properties follow the porosity, with smaller inferred dependence on pore structure, original mineralogy differences, and alteration. The sample measurements give very similar results to (and extend previous data from) Mid-Atlantic Ridge drillholes, the sample data from this site and previous data are used to estimate relations between porosity and other large-scale physical properties of the upper oceanic crust applicable to this area. These relations are important for the analysis and interpretation of downhole logging measurements and marine geophysical data.
INTRODUCTION
To complement the downhole measurements made in DSDP Hole 395A during Leg 78B, a series of new physical properties measurements have been made on the core obtained during the earlier drilling. These measurements include: density, porosity, compressional and shear wave velocity, thermal conductivity, thermal diffusivity, and electrical resistivity. Previous measurements of density, porosity, and compressional wave velocity on samples from the hole have also been reported in Melson, Rabinowitz, et al. (1979) and Schreiber and Rabinowitz (1979) . It is emphasized that the sampling is not representative of the section drilled, first, because of the very poor and biased core recovery, and second, because the more friable, fractured, and weathered high-porosity samples could not readily be measured, particularly after 5 y. of drying and deterioration in storage.
The relations among these parameters, particularly those involving porosity or density, are important-when considered together with downhole logs and marine geophysical data, they permit estimates of the bulk in situ physical properties of the upper oceanic crust. This chapter first presents a summary of previous and new sample physical properties data from this hole and then discusses relations among the parameters applicable to the upper crust at this site. vacuum oven. In these very low permeability rocks the values appear to be significantly too low, based on the very low mean porosity of 2.5 ±0.6%, on the very low implied grain density of 2.89 ±0.02 g cm" 3 , and on a clear correlation of grain density with porosity that does not exist in earlier shipboard data. The problem arises primarily from the difficulty of complete resaturation after 5 y. of shelf drying, and from the difficulty in subsequent complete vacuum drying. A drying temperature of 50°C for 48 hr. was used. Longer time-drying experiments by Hyndman and Drury (1977) indicate that this time should be just sufficient. The calculated porosities with only 24 hr. of drying were lower by about 10% of the values. Because of these difficulties, the new measured porosity estimates were discounted; those used in this study were obtained from the sample bulk densities, assuming a constant grain density of 2.95 g cm" 3 . As indicated later, there may be small real variations in grain density down the hole, but their effect on estimated porosities is probably negligible.
Careful examination of shipboard sample data indicates small but significant trends in the grain density through each volcanic unit. Most of the units defined by the chemistry and petrology of the cores and by the downhole logs exhibit a small increase in grain density with depth, especially in the upper part of the hole where there are more samples. These trends are not clearly evident in the sample density or porosity plots and thus appear to indicate an actual increase in average mineral density, probably reflecting a decrease in the amount of hydrated minerals with depth in each unit. This conclusion is substantiated by the small but probably significant trends in H 2 O + values shown by chemical measurements . Probably the amount of hydrated minerals is related to the bulk porosity of the formation, because high-porosity horizons will provide greater permeability and thus access to water for hydration. As clearly indicated in the downhole logs (Mathews et al. this volume) , there is a pronounced increase in large-scale porosity up through each unit as its eruptive cycle progresses.
SEISMIC VELOCITIES
In this study, compressional and shear wave velocities were measured on 12, 2.5-cm-diameter, approximately 2.5-cm-long water-saturated samples to confining pressures of 600 MPa (6 kbar) (Tables 2, 3 ). The technique used was essentially that described by Christensen and Shaw (1970) . The estimated accuracy is ±0.5% for compressional and ± 1.0% for shear wave velocities. The fluid pressure medium was excluded from the samples by a thin copper foil jacket, and the pore pressures were maintained at a low value by placing a fine screen between the sample and the jacket. The compressional wave velocities of 6 water-saturated samples from Hole 395A had also been previously measured under a range of confining pressures by Schreiber and Rabinowitz (1979) .
The 40 MPa (0.4 kbar) velocities are thought to represent best the in situ condition in the crustal section penetrated by the borehole. Although this confining pressure is somewhat higher than the in situ lithostatic pressure, it makes some allowance for closing microcracks and fractures generated by the drilling process. The in situ temperature is sufficiently close to that of the laboratory for no temperature correction to be needed.
Because there is a serious sampling bias (only competent samples are recovered and measured), it is important to relate velocity to other parameters that can be measured or estimated for the upper oceanic crust. The relation between compressional and shear wave velocities and bulk density for ocean crust basalts was first extensively studied by Christensen and Salisbury (1975) . This relation was based primarily on samples dredged or drilled from the top few meters of the crust that generally had extensive intergranular weathering porosity. It has proved to be an excellent representation of other basalts with primarily intergranular porosity (e.g., Hyndman et al., 1979) . However, fresh ridge crest basalts with primarily vesicular porosity appear to have velocities about 0.1 to 0.2 km s~1 higher than this relation for a particular density (e.g., Christensen et al., 1979; Hyndman et al., 1979; Hyndman and Drury, 1976) . Figure 1 shows that this 0.1 to 0.2 km s~1 difference for both P and S wave velocities applies to the Hole 395A samples as well as those from nearby Hole 396B . For comparison, the Wyllie time average equation commonly used for downhole velocity log interpretation in sedimentary sections gives density values that are much too high or porosity values too low for a particular velocity (Fig. 1 ) and thus will give very poor porosity estimates from downhole velocity data. In contrast, the Nafe and Drake (1961) curve for marine sediments gives densities that are somewhat too low or porosities that are too high. Another important parameter for the interpretation and use of seismic data is Poisson's ratio (a function of the ratio of compressional to shear wave velocity). This parameter provides diagnostic information on rock type, but for the upper oceanic crust that has only small variations in mineralogy its more important dependence is on the amount and nature of the porosity. It is convenient to plot Poisson's ratio as a function of compressional wave velocity, but density or porosity give very similar relations. Hyndman (1979) defined two trends roughly linear over a limited range: (1) decreasing Poisson's ratio with increasing poorly connected vesicular porosity (small pore aspect ratio), and (2) increasing Poisson's ratio with increasing well-connected grain boundary or fracture porosity (large pore aspect ratio). Figure 2 shows that the new data from Hole 395A and that from nearby Hole 396B ) have a scatter that is too large to define any meaningful trends, although they are consistent with those trends previously proposed.
THERMAL PROPERTIES
The thermal conductivity of 10 seawater-saturated basalt samples was measured on a divided bar instrument of the type described by Jessop (1970) . Calibration was with fused silica using the conductivity values of Ratcliffe (1959) . Measurements on individual disks were reproducible to ±2% and the estimated accuracy is better than ±5% (Table 1 ). The geometric mean thermal conductivity is 1.77 ±0.02 Wm^K->at 25°C. This mean is slightly higher than that for samples from other near- man and Drury, 1976) . However, no friable or highly vesicular samples were measured in this study so the difference is probably the result of sampling bias.
The effect of pressure on the thermal conductivity of basalts is negligible for upper crustal conditions, but the effect of temperature is significant: a decrease of about 0.005 W m~1 K~1 per degree (see review in Hyndman and Drury, 1976) . In the section of the crust penetrated by Hole 395A, the effect is not important, but at the bottom of Layer 2 where the temperature may be over 200°C (Becker et al. this volume) the conductivity may be significantly lower.
The most important factor affecting in situ formation thermal conductivity in the upper curst is the largescale porosity not represented in the samples. Of secondary importance are variations in the basalt composition such as olivine content and alteration. Many mathematical models have been proposed for the relation between porosity and thermal conductivity (e.g., review in Drury and Jessop, in press; Robertson and Peck, 1974) . There is undoubtedly some dependence on the pore structure; for example, interconnected grain boundary and fracture porosity will give somewhat lower conductivity than the same, but poorly connected vesicular porosity. The most complete study of the relation between porosity and the thermal conductivity of basalts was by Robertson and Peck (1974) . Their data are for subaerial volcanic island basalt samples, that may have a slightly different composition and porosity structure from the deep-sea basalt samples, but their results should be applicable to the latter. Their results also should be generally applicable to the bulk upper oceanic crust, although their (and the deep-sea) samples had mainly vesicular porosity, so the large-scale more interconnected bulk porosity of the upper oceanic crust may produce slightly lower bulk conductivity. Hyndman [1979] for vesicular small pore aspect ratio porosity and for grain boundary large pore aspect ratio porosity are shown.) Robertson and Peck (1974) found that none of the theoretical relations that they tried gave good agreement with the measured conductivities over a wide range of porosities. However, the empirical relation K = (1.36 -0.60 Φ) 2 W m~l K~l, where Φ is the porosity, gave excellent agreement with measured values for water-saturated unweathered basalts with from 2 to 75% porosity and about 7% olivine content. They found that after porosity, the olivine content was the next most important factor. Although not well determined, the olivine content of the Hole 395A samples averaged about 7% Dungan et al., 1979) . As shown in Figure 3 , 10% olivine content gives conductivities about 3% higher, and 5% olivine gives conductivities 3% lower. Figure 3 shows sample conductivities versus density and inferred porosity for Hole 395A along with the data for Hole 396B and the mean values for Leg 37 samples from the Mid-Atlantic Ridge to the north. The porosity has been estimated from the density, assuming a grain density of 2.95 gem" 3 . These estimates of porosity are preferred to our direct measurements because of the difficulty of resaturating the samples for porosity measurement by direct drying (see earlier discussion). The Robertson and Peck relation gives slightly higher conductivity for a particular porosity or density than the geometric mean that is commonly found to be an adequate approximation for chip samples and some sediments (e.g., Sass, et al., 1971) (Fig. 3) .
The third factor affecting the thermal conductivity deep-sea basalts, in addition to the porosity and the original mineral composition, is the degree of alteration and secondary mineralization. A progressive increase in conductivity with depth to over 2.0 W m~1 K~1 resulting from increasing hydrothermal alteration is clearly seen in deep drillholes in Iceland and Bermuda (Oxburgh and Agrell, 1982; Hyndman et al., 1979) . This type of alteration decreases the porosity, but the main factor is the change in mineralogy. However, it is not clear which secondary minerals are important. Low temperature alteration or weathering as seen in old ocean crust samples (e.g., Holes 417D, 418A, Fig. 3 ) has a similar effect of increasing the conductivity . The Hole 395A samples are generally little altered except near the bottom of the hole. However, there is one sample from near the bottom of the hole where alteration is important and its conductivity lies well above the Robertson and Peck (1974) relation (Fig. 3) .
The thermal diffusivity of 10 seawater-saturated basalt samples was measured using the modified Angstrom • 395A
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2.8 2.9 p (g cm-3) Figure 3 . Thermal conductivity (K) as a function of density (p) and inferred porosity (<f>) for samples from Holes 395A and 396B. (The Robertson and Peck [1974] empirical relation for basalts with 5, 7, and 10% olivine is shown along with the geometric mean relation.) method as described by Drury et al. (in press ) ( Table 1) . The sample disk is attached to a long rod of matching diameter and of similar and known thermal properties. The diffusivity is obtained by measuring the amplitude decrement and phase lag of a sinusoidal temperature wave that travels through the assembly (e.g., Sidles and Danielson, 1954; Kanamori et al., 1969; Sawides and Murray, 1978) . The composite of sample plus rod is sufficiently long to approximate the infinite length assumed in Angstrom's original method (Angstrom, 1863) . However, correction must be made for the reflection of heat from the thermal mismatch at the interface between sample and rod. An analogy with transmission line propagation has been used. The corrections are on the order of ± 10%. Calibration checks were made using fused silica. The reproducibility of measurements is about ± 3%, and the estimated accuracy is ±5%. The mean sample temperature was 27°C. The diffusivity of rocks has frequently been estimated from mineral heat capacity estimates and from the thermal conductivity. However, as shown by Drury et al. (in press) , such heat capacity estimates have an uncertainty commonly over 10%; for higher accuracy, diffusivity must be measured directly.
The geometric mean diffusivity of the Hole 395A basalt samples is 0.68 ±0.01 mm 2 s~1. This measurement is in good agreement with the only previous direct measurement of tholeiitic basalt found in the literature-0.67 mmV (Lindroth, 1976) . By combining the thermal diffusivity, thermal conductivity, and density data, estimates of heat capacity can be obtained (Table 1 ). The geometric mean of the 10 samples is 0.912 ± 0.014 J g~l K~1, which agrees well with the single value of 0.924 J g~1 K~1 at 25°C quoted by Lindroth and Krawza (1971) . By correcting for the porosity, the mean matrix or grain heat capacity is found to be 0.864 J g~1 K~1.
The dependence of heat capacity on porosity is readily estimated from the matrix heat capacity and density, and the relation between density and porosity, that is, C p = (2.55 + 1.63</>)/(2.95 -1.93</>), where Φ is the porosity. This relation and the Robertson and Peck (1974) relation between porosity and thermal conductivity stated earlier then gives the relation between diffusivity and porosity as shown in Figure 4 . The measured diffusivity values are consistent with this relation, although the range of porosity is too small to define it well.
ELECTRICAL RESISTIVITY
The electrical resistivity of 10 basalt samples 2.5 cm in diameter and about 2.5 cm long was measured at about 23°C using a 1 volt 50 Hz signal. This frequency gives essentially the d.c. resistivity (e.g., Drury and Hyndman, 1979) . As indicated earlier, the samples had been shelf-dried for 5 y.; we resaturated them by first placing them in a vacuum and then immersing and leaving them in seawater for several weeks to permit salinity equilibration between the seawater and the pore fluid. The seawater was microfiltered to prevent algal growth and had a resistivity of about 0.25 ohm-m at 23°C.
The geometric mean resistivity of the samples in 484 ohm-m, which is significantly higher than the means from previous studies of deep-sea basalt cores. The mean of 153 DSDP samples reported by Drury and Hyndman (1979) was 190 ohm-m. However, the mean porosity of the latter samples was 7%, much higher than that for the present samples, so the difference probably represents a sampling bias. The electrical resistivity of fluid saturated rocks in which the matrix has a high resistivity follows the Archie (1942) relation
where R o is the bulk resistivity, Rfis the fluid resistivity {RQ/R/ is called the formation factor), <f> is the porosity, and a and m are constants that depend on the pore structure (e.g., Brace et al., 1965) . The seawater pore fluid has an estimated resistivity of about 0.25 ohm-m for the laboratory measurements and about 0.30 ohm-m in situ where the average temperature is about 6°C. The parameter "a" is normally found to be about 1.0. The exponent constant "m" is high (about 2) for poorly connected porosity and low (about 1) for well connected porosity (Brace et al., 1965) . Deep-sea basalt core samples for which the porosity is largely vesicular and thus poorly connected have values of m = 2.0 to 2.5 (e.g., Hyndman and Drury, 1976; Drury and Hyndman, 1979; Christensen et al., 1979; Hamano, 1980) . However, there is considerable uncertainty because of the difficulty in measuring porosity and resistivity in resaturated samples. The relation between resistivity and porosity for Hole 395A samples is shown in Figure 5 . The values of a = 1 and m = 2 give a good fit to the data, although there is considerable scatter. The porosity estimates are those obtained by drying after the resistivity measurement. As indicated earlier, the actual porosity is significantly higher. However, the drying estimate is an indication of the fluid available for conduction in the resistivity measurement for which there must have been incomplete saturation. The porosity that remained unfilled with seawater after the saturation process would behave as matrix during both the resistivity and drying porosity measurements. The porosity estimate from the density is also shown in Figure 5 . Because the resistivity values would be even lower had saturation been complete, the difference emphasizes the difficulty of obtaining accurate porosity-resistivity relations for deep-sea basalts.
RELATIONS BETWEEN POROSITY AND OTHER PROPERTIES IN THE UPPER OCEANIC CRUST
One of the main applications of core sample data is to aid in the interpretation of downhole logs and marine geophysical data, and thus in the estimation of the bulk in situ physical properties in the upper oceanic crust. Porosity is the main factor controlling variations in the basalt physical properties discussed earlier. The detailed original basalt mineralogy and subsequent alteration are generally of secondary importance. Thus porosity-dependent relations applicable to the larger-scale upper oceanic crust as seen in the downhole logs are of particular importance. In the upper crust, roughly half of the porosity is in the form of small-scale, primarily vesicular porosity as measured in core samples, and half is larger-scale better connected fracture and rubble porosity as measured in logs and marine geophysical measurements (e.g., Salisbury et al., 1979) . A series of such relations with a brief discussion of their applicability to the Leg 78B downhole logs is given as follows:
Porosity-Density
The basic relationship between porosity (0) and density (p, in g cm"
3 ) is
If the grain density p g = 2.95 g cm~3 and the fluid density ßf = 1.02 g cm~3, this becomes p = 2.95 -1.930.
Sample data indicate that less than 20% of observed basalt density variation comes from grain or matrix density differences. The grain density may be slightly higher for very fresh basalts (e.g., 2.97 g cm"
3 ) and lower for moderately weathered or altered rocks from old ocean crust (e.g., 2.90 g cm"
3 ). The relation just presented should give in situ density from porosity to about ±0.04 g cm" 3 for the upper crust along young ocean ridges. Conversely, density should give porosity to about ±3%.
Porosity-Seismic Velocity
For porosities below 20%, the relations between porosity and compression (V p ) and shear (V s ) wave velocities (in km s~1) are 
These relations are derived from the Christensen and Salisbury (1975) velocity-density relations and the density-porosity relationship shown earlier. The Christensen and Salisbury relation was based on the somewhat weathered samples then available from shallow drillholes. Samples from deeper crustal drillholes with very little alteration and mainly vesicular porosity have velocities about 0.2 km s~1 higher for the same porosity (N.I. Christensen and R. Carlson, 1982 , unpublished data; see also Fig. 1) . However, the original Christensen and Salisbury relation appears to be a good fit to samples with mainly but not totally interconnected grain boundary porosity (e.g., Hyndman et al., 1979) . Thus the larger-scale porosity of the crust may give velocities that are low compared to the relations already described (see also Kirkpatrick, 1979) . The overall relation for the upper crust combining the two scales of porosity should thus be approximated by these equations to ±0.2 km s~1 or ±2% porosity.
Porosity-Poisson's Ratio
An approximate relationship between porosity and Poisson's ratio (σ) for porosities between 5 and 20% is σ = 0.24 + 0.5</>. (8) This relation has been derived from a few suites of basalt samples with primarily interconnected (nonvesicular) grain boundary porosity (e.g., Hyndman, 1979) taken to represent large-scale fracture and rubble porosity. It assumes that such porosity dominates and that its form is similar to that of the samples. The Poisson's ratio-velocity relations have been combined with a linear approximation to the porosity relation just discussed, i.e., V p = 6. 40 -8.190 . This relation is poorly defined and its applicability to the upper oceanic crust is very tentative. The Poisson's ratio estimates from porosity are certainly no better than ± 0.02. The relation is consistent with sediment data (e.g., Nafe and Drake, 1961) . The general trend to high Poisson's ratio values in the high porosity upper crust is suggested by some shallow seismic refraction data (e.g., Clowes and Au, 1982) and by downhole logging in the Costa Rica rift area .
Porosity-Thermal Conductivity
The relationship between porosity and thermal conductivity (K, in W m~1 K~1) is This relation from Robertson and Peck (1974) for vesicular basalts with about 7% olivine gives a matrix conductivity of 1.85 W m~1 K~1. It may give conductivities that are slightly too low for crust with significant hydrothermal alteration, and too high for crust with large-scale fracture porosity. However, it should estimate the overall upper crustal conductivity to ±0.07 W m-'K-'.
Porosity-Diffusivity
Thermal diffusivity (K, in mm 2 s~1) may be calculated from porosity from the relation K = (1.36 -O.6O0) 2 /(2.55 + 1.630).
This relation comes from the above conductivity equation and the relation between heat capacity and porosity, C p = (2.55 + 1.630)7(2.95 -1.930). The equation assumes the matrix or grain heat capacity of 0.864 J g~1 K~1 obtained from the mean sample heat capacity (discussed before) corrected for porosity. The above equation should give upper crustal diffusivity values accurate to ±0.05 mm 2 s~1.
Porosity-Electrical Resistivity
Finally, the basic relationship between porosity and bulk resistivity (R o , in ohm-m) is given by Archie's Law (equation 1). If the pore fluid is seawater at 5°C, this becomes 
The equation, particularly the exponent, is very dependent on the pore structure. An exponent slightly larger than 2 has been found for a number of suites of vesicular basalt samples, but a lower value is expected for interconnected large-scale crustal porosity. Thus the above equation probably is a reasonable representation of the upper oceanic crust (see also discussion in Becker et al., 1982) .
DISCUSSION
The new physical properties measurements on Hole 3 95A core samples presented here are generally consistent with the few previous measurements on samples from this hole and with data from other Mid-Atlantic Ridge samples. The exceptions are the porosity and electrical resistivity values that are very sensitive to incomplete resaturation of the shelf-dried samples. The new measurements include thermal conductivity, for which there are few on mid-ocean ridge basalts, and thermal diffusivity, for which no previous measurements exist.
Many of the commonly used relationships between different physical properties, particularly the porositydependent relations for basalt samples, are rigorously applicable only on a small scale. We have attempted to estimate which of these relations are applicable to the upper oceanic crust and the limits within which their use is justified. It must be remembered, however, that the total porosity of the upper oceanic crust is about half small-scale porosity and half larger-scale fracture and rubble porosity. For the latter, some of these relations will not apply. Thus for interpreting downhole logs and marine geophysical data, it may in some cases be necessary to derive and combine empirical relationships that are appropriate for different scales of investigation.
